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* Gene therapy is cost-
effective in severe he-
mophilia A compared
with standard factor VIII
prophylaxis.

* Over a 10-year time
horizon, gene therapy
cost $1M and resulted
in 8.33 QALYs gained,
whereas prophylaxis
cost $1.7M and resul-
ted in 6.62 QALYs
gained.

Gene therapy provides a potential phenotypic cure for hemophilia, yet the cost of this novel
treatment is high, tempering enthusiasm and raising questions regarding cost vs benefit. To
evaluate the cost-effectiveness of gene therapy treatment of severe hemophilia A compared
with prophylaxis with factor VIII (FVIII), we developed a Markov state-transition model to
estimate the costs and effectiveness of severe hemophilia A treatment strategies from a
United States health care system perspective. Quality-adjusted life-years (QALYs) were the
effectiveness measure. In the base case, hypothetical cohorts of 30-year-old patients
received gene therapy or FVIII prophylaxis. We obtained model probabilities and utilities
from the literature and costs from Medicare reimbursement data. One-way and
probabilistic sensitivity analyses were performed to test the robustness of results. Over a
10-year time horizon, total per-person gene therapy strategy costs were $1.0M and resulted
in 8.33 QALYs, whereas prophylaxis cost $1.7M and resulted in 6.62 QALYs. Thus, gene
therapy dominated prophylaxis (costs less and was more effective). Gene therapy remained
dominant unless initial costs exceeded $1.6M and were <$100 000 per 1 QALY gained
compared with prophylaxis if initial costs were <$1.7M. Results were not sensitive to
variation of all other parameters over clinically plausible ranges. In a probabilistic
sensitivity analysis simultaneously varying all parameters 3000 times over parameter
distributions, gene therapy was dominant in 92% of model iterations. Treatment of severe
hemophilia A with gene therapy is likely to be cost-saving or cost-effective compared with
FVIII prophylaxis.

Introduction

Advances in gene therapy have placed a curative treatment of hemophilia A on the immediate horizon.
Although not yet clinically available, there is significant concern and debate about the potential cost of
such treatment. To appropriately evaluate the cost-effectiveness of gene therapy, the natural history of
the disease and the current standards and cost of care need to be considered. In this study, we
evaluated the cost-effectiveness of gene therapy treatment of patients with severe hemophilia A
compared with current standard factor VIII (FVIII) for bleed prevention, prophylaxis, and bleed treatment.

Hemophilia A is an X-linked bleeding disorder caused by mutations in the gene coding for FVIII, resulting
in deficient and/or defective coagulation, leading to spontaneous or traumatic bleeding into joints,
muscles, or body cavities."* When bleeds recur in the same joint, the synovial lining thins and joint
arthropathy ensues, leading to disability, pain, and reduced quality of life.? The disease affects ~20 000
patients in the United States; of the estimated 400 000 affected globally, most have no access to
clotting factor treatment, and many die of bleeding at a young age.>® In the United States, the standard
of care is to prevent bleeds by the prophylactic administration of intravenous clotting FVIIl 2-3 times
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Figure 1. Markov model. Patients remain in a health state
(curved arrows) or move from 1 health state to another (straight
arrows) based on transition probabilities. As patients cycle
through the model, they accumulate costs and utilities
expressed as QALYs. The Markov cycle length is 1 month and
repeats over 10 years. During each cycle, patients are at risk
for death from any cause, a bleeding event with or without joint
damage. Gene therapy patients have an initial 1-year risk for

failed therapy, resulting in transfer to the prophylaxis state.

C Joint damage

/ Prophylaxis @\

Bleeding event

with joint damage

Gene therapy :)

Bleeding event

weekly, to maintain a trough FVIll level >1% (0.01 IU/mL) to prevent
spontaneous bleeding.* Although prophylaxis reduces joint bleed-
ing and joint damage and improves quality of life, the burden of
treatment is high; as a result, most adults do not continue
prophylaxis.>? Despite prophylaxis, breakthrough bleeding may
occur with sports and other activities, further contributing to joint
damage, pain, and disability and reducing quality of life.®

Although the benefit of FVIII prophylaxis in preventing joint damage
and disability is well established, the cost of hemophilia treatment is
among the highest for a single disease. An evaluation of Medicare
Part B spending in 2010 identified hemophilia treatment as the
most costly drug per average beneficiary.® An uncomplicated
severe hemophilia A patient costs >$140 000 per year based on
private and government reimbursements.'®'! For the 30% of
hemophilia patients who develop inhibitors, the cost exceeds $1M
per year because more aggressive treatment is required, which is
associated with poorer response to treatment than in a noninhibitor
patient.12 In fact, clotting factor treatment accounts for >80%
of the total health care expenditures for individuals with
hemophilia.'®'" A typical hemophilia patient incurs inpatient costs
9 times higher than the average insured patient."® In addition to the
direct costs of treatment, patients experience many indirect costs of
the disease related to loss of productivity, absenteeism, disability,
and poor quality of life.'

Experimental gene therapy for hemophilia A uses a single infusion
of an adeno-associated viral vector containing an optimized gene
coding for human FVIIL."®'7 The adeno-associated viral vector
contains a liver-specific promoter that ensures liver-specific FVIII
expression.'® Phase 1/2 dose-escalation trials have demon-
strated sustained FVIII expression for >2 years, with marked
reduction in bleeds and no inhibitor formation.'® Similarly, gene
therapy trials in hemophilia B, which have been ongoing longer
than those for hemophilia A, have resulted in stable factor
expression for >7 years.'® Given the current burden of the
disease and high cost of treatment of individuals with hemophilia,
there is potential for gene therapy to offer a cost-effective
therapeutic option.

Materials and methods

Overview of the model

We built a Markov state—transition model to evaluate the cost-
effectiveness of gene therapy vs prophylaxis in a hypothetical
cohort of 30- to 40-year-old male patients with uncomplicated
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severe hemophilia A. We defined uncomplicated hemophilia as
patients without inhibitors, hepatitis C virus, or HIV. This age group
was selected because of their wide representation in observational
and clinical hemophilia trials. We did not include on-demand
therapy in the base-case analysis, because this is not a chosen
strategy; instead, it is a fallback option, with many patients using it
secondary to compliance issues with prophylaxis. We took a third-
party payer perspective, focusing on the direct medical costs of
providing care. Effectiveness was measured using quality-adjusted
life years (QALYs), the product of time spent in health states and
the quality-of-life utility values of those states. We discounted future
costs and effectiveness at an annual rate of 3%. We constructed
our model using TreeAge Pro 2017 (TreeAge Software, Williams-
town, MA).

Model assumptions

Cohorts entered the model assigned to prophylaxis or gene therapy
strategies and cycled monthly through health states (Figure 1) over
a 10-year time horizon. We chose 10 years because, although
clinical data for the effectiveness of hemophilia A gene therapy
are limited to 2 years,'® animal models have demonstrated the
effectiveness of this treatment past 10 years,'” and similar gene
therapy for hemophilia B has sustained results for >7 years.'®
Patients undergoing prophylaxis each month could experience a
bleeding event or joint damage, which could result in outpatient or
inpatient therapy. Patients undergoing gene therapy had success,
with transition to a postgene therapy state, or failed gene therapy,
with transition to prophylaxis. Postgene therapy, patients could
experience gene therapy-related complications during the first 12
months following gene therapy.

We made several additional assumptions. First, patients undergoing
gene therapy were assigned a success rate of 90% (varied from
x-y% in sensitivity analysis), and patients who were successfully
treated with gene therapy were assigned a utility of 1 (varied from
x-1). This success rate is lower than what has been reported in
phase 1/2 gene therapy trials in an attempt to capture some
uncertainty for this currently unavailable therapy.'® Second, gene
therapy was assigned a complication rate of 1% per month over the
first year, and patients suffering a complication were assigned utility
of 0.8 for that month. Third, gene therapy was assigned a cost of
$850 000 in the base-case analysis, chosen based on the cost of the
only commercially available gene therapy in the United States.'®%°
Third, patients in the gene therapy and prophylaxis groups experience
the same probability of death.?’2
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Table 1. Base-case estimates and ranges used in sensitivity analysis

Variables Base-case estimate Range References Notes
Clinical probabilities
Bleeding events
Prophylaxis 0.3/mo 2-4/y 23
Hospitalization 0.0175/mo 0.01-0.02/mo 25
Joint complications
Joint bleed 0.39/mo 0.3-0.5/mo 26
Hospitalization 0.10/event 0.05-0.15/mo Range estimated
Orthopedic procedure 2/lifetime (0.0022/mo) 1-3/lifetime 27
Gene therapy
Success 0.90 0.8-1 Range estimated
Complications 0.01 0.0005-0.002 Range estimated
Death 0.00013/mo 0.0001-0.0005/mo 21 Mean risk for death, 30-40-y-olds (CDC)
Time courses
Bleeding event 2d 2-4d 7
Hospitalization 4d 2-6d 32 Median hemophilia admission (HCUP)
Joint damage 14d 7-21d
Gene therapy complication 4d —
Quality-of-life measures (utilities)
Prophylaxis 0.93 0.87-0.93 22,28
Hospitalization 0.66 0.5-0.7 Based on bleed utility
Bleed 0.66 0.66-0.8 33
Joint damage 0.64 — 30
Gene therapy 1 0.9-1 Assumed utility
Gene therapy complication 0.8 0.7-0.9 Assumed utility
Costs, US$
Prophylaxis 37759 — 7,31 Based on 88.7-kg male, 33 1U/kg 3 times weekly
Bleeding event 8870 4435-17 740 7 Based on 50 IU/kg/d for bleed duration
Hospitalization for bleeding event 48603 33582-63678 7,32 Average Medicare reimbursement (HCUP) for
hospitalization plus factor at 50 IU/kg/d
Joint damage 61 40-80 33
Orthopedic surgery (knee replacement) 137 461 110 000-138 000 32 Average Medicare reimbursement (HCUP)
for knee replacement plus factor
Gene therapy 850000 10 000-2 100 000 20
Gene therapy failure 800 500-1 000 20

The base-case estimates represent the best estimate for each value. Unless otherwise noted, ranges represent 95% confidence intervals.
CDC, Centers for Disease Control and Prevention.

registry.?® The likelihood of requiring an orthopedic procedure was
extrapolated from several trials evaluating prophylaxis vs on-demand
therapy.2*?%2” To model mortality for prophylaxis and gene-therapy
patients, we used data from United States standard life tables for the
year 2014 for patients between the ages of 30 and 40 years.>' We
assumed that the probability of death would be higher during months
when bleeds/joint damage occurred.

Base-case estimates

The base-case estimates and ranges of all clinical probabilities,
quality-of-life measures (utilities), and costs used in the model are
displayed in Table 1. Ranges of utilities for health states from
quality-of-life and cost-utility studies were used in the analysis, using
an average for published values in the base-case analysis.

Clinical probabilities

Quality-of-life measures (utilities)

We derived probabilities for bleeding events for patients on prophylaxis
from clinical trials evaluating novel treatment strategies.?>2* The risk of
hospitalization was extrapolated from a hemophilia surveillance proj-
ect.?® The probability of hemarthrosis was collected from a Center
for Disease Control and Prevention 10-year hemophilia surveillance
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Utilities were scaled from 0 to 1, where 0 equals death, and 1 equals
perfect health. These values represent preferences for a given health
state. Ranges of utilities for health states therapy were collected from
quality-of-life and cost-utility studies, and an average of these values
was used in the base-case analysis.>>?® A study evaluating changes
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Figure 2. One-way sensitivity analysis. The results of 1-way sensitivity analysis are shown. Only variables whose variation caused a significant change in incremental

cost-effectiveness (x-axis) are shown. Ranges of 1-way sensitivity analyses are shown next to each bar.

in quality of life for patients experiencing acute bleeding was used
to determine the utility during a bleeding event.?® For patients
with nonoperative joint damage, a utility from a survey of chronic
osteoarthritis was used, and following an orthopedic procedure,
a postoperative knee utility was used.*® During hospitalizations,
patients were assigned the same utility as a severe bleeding event,
because severe bleeds requiring longer duration or more intense
treatment are common nonsurgical reasons for hospitalization.
Patients undergoing successful gene therapy were assumed to have
a utility of 1, and those suffering a complication from gene therapy
were assigned a utility of 0.8 for the following month.

Costs

The pharmacy cost of FVIIl concentrate was collected from FFF
Enterprises’ wholesale price for recombinant FVIIl. Prophylaxis cost
was determined using the average weight for United States males
older than 20 years of age (88.7 kg)®' following a typical dosing
schedule of 3 times per week at 33 units per kilogram.” The cost for a
bleeding event was calculated using 50 units per kilogram over 2
days.” The cost of a hemophilia bleeding event requiring hospitali-
zation was determined using reimbursement data from the Health-
care Cost and Utilization Project (HCUP) 32 using an average 4-day
inpatient stay. We used a cost for nonoperative osteoarthritis cost-
effectiveness study to represent the cost of joint damage.®® We
assumed all orthopedic procedures to be knee replacements and
used HCUP data for this cost plus the additional cost of factor
treatment postsurgery and during rehabilitation (region 3 surgical
protocol). For the base case, gene therapy was assigned a cost
of $850 000 based on the price of the only commercially available
gene therapy in the United States.”® We assumed the cost of
complications for gene therapy to be $800 based on expert opinion.

Analysis

For each treatment strategy, our model calculated the 10-year
outcomes expressed as QALYs and costs. We compared the
performance of strategies using the incremental cost-effectiveness
ratio, which is the added cost of the more expensive strategy divided
by its added clinical benefit in QALYs. We conducted 1-way
sensitivity analyses to assess the impact of varying baseline variables
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over clinically plausible ranges on cost-effectiveness analysis results.
In the probabilistic sensitivity analysis, all parameters were varied
simultaneously over predefined probability distributions based on
ranges listed in Table 1. Clinical probabilities and time durations were
approximated by B distributions, and costs were approximated by v
distributions. Values from each probability distribution were randomly
selected during each of 3000 iterations. We reported that the
percentage of probabilistic iterations for which a given strategy was
favored over a range of willingness-to-pay thresholds resulted in a net
monetary benefit at various willingness-to-pay ceilings.

Results

Our base-case model, over a 10-year time frame, resulted in a total
per-person gene therapy cost of $1.0M and 8.33 QALYs, whereas
prophylaxis cost $1.7M and resulted in 6.62 QALYs. Gene therapy
cost less and was more effective than prophylaxis, thus dominating
it in the base case.

In 1-way sensitivity analyses varying all parameters individually over
clinically plausible ranges (Table 1), only variation of gene therapy
cost caused the gene therapy strategy to be no longer cost saving
compared with prophylaxis. As shown in the tornado diagram
(Figure 2), which depicts multiple 1-way sensitivity analyses,
individual variation of gene therapy cost is the only parameter that
results in incremental cost-effectiveness ratios >$0 per QALY
gained. Gene therapy remained the dominant strategy unless its
initial cost exceeded $1.6M and cost <$100000 per 1 QALY
gained compared with prophylaxis if initial costs were <$1.7M
(Table 2). Results regarding gene therapy dominance were not
sensitive to individual variation of all other parameter values. Gene
therapy would remain cost saving if the monthly cost of prophylaxis
is >$16 771 and would be favored at a $100 000 per 1 QALY
threshold if monthly costs were >$12963. Finally, in the
probabilistic sensitivity analysis, gene therapy was the dominant
strategy in 92% of model iterations.

Discussion

Our results demonstrate that, based on best available evidence,
treatment with gene therapy is likely to be cost saving for the
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Table 2. Base-case sensitivity analysis

Variables Prophylaxis Gene therapy Difference
Total cost $1 693630 $1022 249 $671381
Effectiveness, QALYs 6.62 8.33 -1.71
Incremental cost-effectiveness ratio, $/QALY Dominated Dominant

Cost and QALYs are discounted at 3% per year.

treatment of severe hemophilia A compared with the current
standard of care with FVIIl prophylaxis. Over the 10-year span of the
model, gene therapy cost $1M compared with $1.7M for pro-
phylaxis. Gene therapy also afforded increased benefit over this
period, generating 8.33 QALYs compared with 6.66 QALYs for
prophylaxis. With its decreased cost and increased benefit, gene
therapy dominated prophylaxis in this analysis.

In sensitivity analysis, our results are highly robust over a wide range of
values for all model parameters, with the results sensitive only to
variation in gene therapy cost, with gene therapy remaining cost saving
if initial costs are <$1.6M. Perceivably, results could be even more
favorable if gene therapy effectiveness duration is >10 years or if the
success rate is similar to what has been seen in clinical trials.'®'®
Whether payers will change reimbursement approaches remains
outside the scope of this analysis. Importantly we are not urging
change in reimbursement policies but rather show what the results of
current policies are. Oncology and solid organ transplantation, which
struggle with the same issues, may represent potential benchmarks for
future comparisons between costing and reimbursement strategies.

The age of patients at the time of potentially curative treatment is an
important question from a cost-effectiveness standpoint. Because
younger patients may reap the benefits of therapy over a longer
period of time than their older counterparts, patient age at treatment
is a significant variable. Currently, gene therapy for hemophilia is in
clinical trials for adults only, making the age group for our model
logical for this analysis. We also chose an initial age of 30-40 years
for our cohort because this population is well represented in the
literature used for reference values. Despite this restriction in the
base case, we believe that our results are generalizable to a wider
age group for the following reasons. In the 1-way sensitivity analysis,
altering the probability of death, a good approximation for changes
in age, did not significantly alter the cost-effectiveness of gene
therapy. Additionally, the clinical probabilities, utilities, and costs are
not specific to a particular age group, thereby making our results
applicable over a wider age range.

Our assumption that successful gene therapy results in full quality of
life could potentially bias results toward gene therapy. For example,
this assignment may miss decreases in quality of life that already
occurred in a patient before receiving gene therapy (eg, due to
chronic joint damage). However, decreasing the quality of life utility
from 1.0 to 0.9 with gene therapy still results in gene therapy as the
dominant strategy. On the other hand, all hemophilia patients in this
analysis have severe hemophilia without inhibitors, consistent with
the exclusion of inhibitor patients from gene-transfer trials. Inhibitor
patients cost significantly more to treat than standard hemophilia
without inhibitors; omitting them from the model biased results
toward prophylaxis.®*

Our analysis has several limitations. First, the lack of commercially
available gene therapy for hemophiia A and limited long-term
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experience in current clinical trials drives many of the assumptions in
our model. We sought to limit the impact of these assumptions by
biasing most model assumptions against gene therapy. We accom-
plished this in several ways, including lowering the success rate to 90%
as opposed to the near 100% success rate seen in published trials."®
Similarly, the complication rate assumed in the base case was higher
than available data suggest. Finally, the goal of gene therapy is to serve
as a lifelong therapy. However, because no long-term data exist for
hemophilia A, we selected a time horizon of 10 years based on data
from hemophilia B and animal models.'”"'® By limiting the time frame for
what is believed to be lifelong treatment, the cost-effectiveness of gene
therapy in this analysis is significantly reduced. Second, hemophilia
patients receiving prophylaxis were assigned a time-dependent rate of
chronic joint damage, independent of bleeding events. We selected this
approach given the overwhelming prevalence of chronic arthropathy in
this patient population.®® Third, the average weight of a hemophilia
patient was estimated using Center for Disease Control statistics for
an average 30-year-old male. However, hemophilia patients are limited
in their mobility from chronic arthropathy and fear of hemarthrosis,
resulting in higher rates of obesity.%® This could result in underestimation
of factor cost for the prophylaxis group. Fourth, we assumed all failures
in the gene therapy group occurred immediately after treatment.
Currently, there are no published reports of late gene therapy failure,
which could hypothetically occur in the setting of liver failure, because
the liver is the target organ for FVIIl expression.

Fifth, our model evaluated only the direct costs of hemophilia,
including the costs of factor treatment, hospitalizations, bleeds,
and orthopedic surgeries. Other costs of care, including office
visits, physical therapy, and consumer costs were not evaluated
for hemophilia patients in either cohort. Further, several novel
hemophilia A treatments, including RNA interference (fitusiran) and
a bispecific monoclonal antibody (emicizumab), have become or are
poised to become commercially available.®” The impact of multiple
competing novel therapies on the cost of gene therapy remains to
be seen and is not broached in this analysis. Sixth, this model does
not address the cost-effectiveness of gene therapy for mild and
moderate hemophilia patients who are less likely to require
prophylactic factor infusions given their less severe bleeding
phenotype.” Finally, our model evaluated the impact of gene
therapy on patients 30-40 years of age, rather than assessing
lifetime costs. However, because we used a 10-year time horizon,
our results will be similar for other age groups to the extent that our
parameter values over that 10-year period remain the same for other
age groups in question or to the extent that age-specific differences
in parameter values between gene therapy and prophylaxis groups
remain the same. For example, if in 60-year-olds, the difference
in mortality between treatment groups is less due to greater
background mortality due to other causes in this age group
(and hence greater mortality risk with gene therapy), the advantages
of gene therapy could be less.
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In conclusion, our model shows that gene therapy for the
treatment of severe hemophilia A is likely to be cost saving or
cost-effective compared with prophylaxis with FVIIl. Gene therapy
maintained superior cost-effectiveness, even in the setting of high
upfront costs.
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